ABSTRACT: A metabolism study was conducted to evaluate ruminal fermentation and apparent total tract digestibilities of cattle finishing diets. Holstein steers (n = 16, 351 kg of BW) with ruminal cannulas were fed diets consisting of 0 or 25% dried corn distillers grains (DDG), using dry-rolled corn (DRC) or steamflaked corn (SFC) as the principal energy source (2 × 2 factorial arrangement). The study was conducted in 2 periods, with 4 steers per treatment in each period. Periods consisted of a 12-d adaptation phase and a 3-d collection phase. Compared with DRC, feeding SFC decreased intakes of DM, OM, starch, NDF, and ether extract (P < 0.01), and steers fed SFC excreted less DM, OM, starch, NDF, and ether extract (P < 0.01). Compared with SFC, feeding DRC decreased ruminal concentrations of acetate, butyrate, isobutyrate, and isovalerate, and decreased the acetate-to-propionate ratio (P < 0.01). Compared with SFC, DRC decreased ruminal propionate, valerate, and lactate concentrations (P < 0.01). When compared with cattle fed SFC, ruminal pH of cattle fed DRC was less at 0 h and greater at 6 h postfeeding (P < 0.01). Ruminal ammonia concentrations were greater for DRC vs. SFC at h 0, 6, 10, 12, 14, 16, 18, 20, and 22 postfeeding (P < 0.05). Feeding DDG decreased consumption of starch and ether extract, but increased NDF intake (P < 0.01). Fecal excretion of ether extract was increased by adding DDG compared with diets without DDG (P < 0.05), resulting in less apparent total tract digestibility of ether extract for cattle fed DDG (P < 0.01). Ruminal lactate concentrations were increased with addition of DDG compared with diets without DDG (P = 0.01). Ruminal ammonia concentrations were less for steers fed 25 vs. 0% DDG at 2, 4, 6, 8, and 10 h postfeeding (P < 0.05). We conclude, based on these results, that ruminal fermentation and apparent total tract digestibility of DDG are affected by grain processing.
INTRODUCTION
suggested that feeding distillers grains (wet or dry) in dry-rolled corn diets improves cattle performance and diet digestibility. Expansion of the ethanol industry into the Southern Plains, where grain is more commonly steam-flaked, has prompted research to investigate the value of DDG in beef finishing diets containing flaked grains. Distillers grains are the primary by-product of the fuel ethanol industry. As the ethanol industry expands and distillers grains become more available, it is important to identify optimal inclusion rates for use in beef finishing diets. When cereal grains are used for ethanol production, the majority of starch in the grain is fermented. The by-product produced from ethanol production has concentrated amounts of CP, fat, fiber, and phosphorus, has much less concentrations of starch in comparison with the grain from which it was derived, and is valuable for use in beef finishing diets (Spiehs et al., 2002) .
Effects of dry-rolled corn (DRC) and steam-flaked corn (SFC) on cattle performance and on the site and extent of digestion have been well documented by Barajas and Zinn (1998) , Corona et al. (2006) , and Theurer (1986) . Digestion characteristics of the 2 grainprocessing methods and the interaction with addition of distillers grains are important areas to research. May et al. (2007a) compared the 2 grain types with the addition of wet sorghum distillers grains in a feedlot performance study. There was a tendency for grain-processing method to affect differences in ADG, DMI, and HCW among cattle fed diets with different amounts of distillers grains. Adding wet distillers grains to steers fed DRC diets increased ADG and DMI compared with their counterparts fed SFC. Evaluating DDG in diets composed of SFC or DRC in a metabolism study may provide useful information pertaining to factors that contribute to these interactions.
MATERIALS AND METHODS
The study was conducted in accordance with procedures approved by the Kansas State University Institutional Animal Care and Use Committee.
Holstein steers (n = 16; 351 kg) fitted with ruminal cannulas (Bar Diamond Inc., Parma, ID; dorsal sac) were allowed ad libitum access to diets. Steers were housed in individual slatted-floor pens measuring 1.5 × 3 m. Dietary treatments were SFC with 0% DDG, SFC with 25% DDG, DRC with 0% DDG, and DRC with 25% DDG (Table 1) . The 2 experimental periods consisted of 15 d, with 12 d for adaptation and 3 d for sample collection. Four steers were fed each diet during each period. Steers were randomly assigned to treatments in period 1 and were then assigned to new treatments in the second period. Determination of the amount of feed to be offered was made approximately 1 h before delivery. Diets were mixed in a stationary ribbon mixer (Davis Manufacturing Co., Bonner Springs, KS), weighed to the nearest 0.227 kg into individual feed tubs, and delivered once daily at approximately 0800 h. If residual feed was present before feeding on d 12 through 15 of each feeding period, orts were weighed and subsequently dried at 55°C for 2 d. The weight of residual feed was subtracted from total feed delivered throughout the 3-d period to estimate DMI. The nutrient composition of DDG used in the study is presented in Table 2 . Feed ingredients were sampled weekly throughout the experiment and analyzed for CP, ether extract, starch, calcium, and phosphorus. Average composition over the feeding period for each ingredient was was used to measure pH of the strained ruminal fluid at each sampling time. Strained ruminal fluid (4 mL) was combined with 1 mL of 25% (wt/vol) metaphosphoric acid and then frozen at −20°C. Acidified ruminal fluid samples were later thawed and centrifuged at 15,000 × g for 15 min at 4°C, and a portion of the supernatant fluid was analyzed for VFA and lactate by gas chromatography (Hewlett-Packard 5890A, Hewlett-Packard, Palo Alto, CA; 2 m × 2 mm column, Supelco B-DA 80/120 4% Carbowax 20-m column packing, Supelco, Bellefonte, PA), with nitrogen as the carrier gas, a flow rate of 24 mL/min, and a column temperature of 175°C. A portion of the supernatant fluid was analyzed for ammonia concentration with a Technicon Autoanalyzer III (Bran and Luebbe, Elmsford, NY) in accordance with procedures described by Broderick and Kang (1980) . Fecal samples were taken from each steer coinciding with sampling times for ruminal fluid. Samples of diets and feces were oven-dried at 55°C for 2 d. Dried fecal and diet samples were ground through a Wiley mill (Thomas Scientific, Swedesboro, NJ) to pass a 1-mm screen. Approximately 3 g of each dry ground fecal sample were pooled within each collection period for each animal for subsequent analyses of chemical composition.
Ground samples of experimental diets and feces were dried at 105°C for 24 h to determine DM, and then ashed at 600°C for 8 h to determine OM. Starch content of diets and fecal samples dried at 55°C for 2 d were determined in accordance with procedures described by Herrera-Saldana and Huber (1989) by using a Technicon Autoanalyzer III to measure free glucose (Gochman and Schmitz, 1972) . Determination of NDF was conducted using an Ankom 200 Fiber Analyzer (Ankom Technologies, Macedon, NY) in accordance with the procedures of Van Soest et al. (1991) . When determining NDF in samples, heat-stable α-amylase (Ankom Technologies) was added to fecal samples (dried at 55°C for 2 d) to remove any residual starch. Ether extract of diets and fecal samples was measured in accordance with AOAC official method 920.39 (AOAC, 1995) . Fecal output was estimated using chromic oxide concentrations of fecal samples, which were determined by atomic absorption spectrophotometry with an acetylene air flame (PerkinElmer 3110, Perkin-Elmer Norwalk, CT) in accordance with the procedure of Williams et al. (1962) . One animal was not switched to the correct diet during period 2 and was therefore eliminated from the study.
Calculations and Statistical Analyses
Total fecal output for each steer within each period was estimated using chromium concentrations of fecal samples. Apparent total tract digestibilities of DM, OM, starch, NDF, and ether extract were calculated by the following formula: [(intake of nutrient − fecal output of nutrient)/intake of nutrient] × 100.
Apparent total tract digestibilities were analyzed using the MIXED procedure (SAS Inst. Inc., Cary NC). Animal was the experimental unit, and period was included as a random effect. The model statement included the effects of grain-processing method, inclusion of DDG, and the interaction between grain-processing method and DDG inclusion. Repeated measures analyses were performed for VFA profiles, pH, and ammonia concentrations using the MIXED procedure of SAS. The model statement included the effects of grain-processing method, DDG inclusion, animal, period, and hour. Random effects were animal and the interactions between animal, grain-processing method, DDG inclusion, period, and hour. Treatment means were calculated using the LSMEANS option of SAS and were separated using the protected F-test LSD (P < 0.05).
RESULTS AND DISCUSSION
We observed no significant interactions between dietary DDG amount and grain-processing method with respect to nutrient digestibility. These results are consistent with the report of Corrigan et al. (2008) , who observed that digestibility characteristics were not affected by corn-processing method or the inclusion of 40% wet corn distillers grains. Tendencies (P < 0.10) for interactions between grain-processing method and wet distillers grain inclusion were observed by May et al. (2007a) in steers fed wet sorghum distillers grains at inclusion concentrations up to 30% of dietary DM. In their study, cattle fed DRC had greater DMI, ADG, and HCW as the proportion of wet sorghum distillers grains in the diet increased, but comparable additions of wet distillers grains to SFC diets had the opposite effect. In a performance study using treatments similar to those in the present study, May et al. (2007b) did not observe any interactions between grain-processing method and inclusion of dried corn distillers grains in terms of growth traits or carcass attributes.
Steers fed DRC had greater intakes of DM, OM, and NDF compared with steers fed SFC (P < 0.01; Table  3 ). Consequently, fecal excretions of DM, OM, starch, NDF, and ether extract were greater for cattle fed DRC compared with those fed SFC (P < 0.01). Decreases in fecal excretion of OM and starch are similar to observations made by Zinn (1990) , Barajas and Zinn (1998) , and Corona et al. (2006) . Apparent total tract digestibilities of DM, OM, starch, NDF, and ether extract were less for steers fed DRC compared with those fed SFC (P ≤ 0.01). Improvements in total tract digestion of OM and starch caused by steam flaking have been reported previously (Zinn, 1990; Barajas and Zinn, 1998; Corona et al., 2006) .
Adding 25% DDG to diets fed to steers decreased the daily intake of starch (P < 0.01; Table 3 ) and increased the daily intake of NDF (P < 0.01). These results were not surprising because the NDF content of DDG is greater than that of corn, and the starch content is much less than that of corn. Percentage digestion of NDF was not different in diets with and without DDG (P = 0.22), and because of the increased NDF intake in DDG-fed cattle, there was a tendency (P = 0.06) for greater excretion of NDF. Ether extract intake decreased when diets containing DDG were fed to steers (P < 0.01). We formulated the diets to contain similar concentrations of ether extract, but the ether extract content of the distillers grains used in the trial was somewhat less than expected (Table 2) . Moreover, the tendency for decreased DMI when steers were fed diets containing DDG (Table 3 ; P = 0.10) contributed to the reduced intakes of ether extract of steers fed DDG. Apparent total tract digestibility of ether extract was decreased when feeding 25% DDG compared with 0% DDG (P < 0.01). Apparent total tract digestibilities of DM and OM also tended to decrease when DDG was combined with either of the 2 grains (P ≤ 0.11). These observations are similar to those of Depenbusch et al. (2005) , who reported that digestibilities of DM and OM were decreased when approximately 13% of traditional or degermed dried distillers grains with solubles were added to SFC diets. Dried distillers grains × hour interaction (P < 0.01); grain-processing method effect at h 0, 6, 10, 12, 14, 16, 18, 20, and 22 (P < 0.05); dried distillers grains inclusion effect at h 2, 4, 6, 8, and 10 (P < 0.05); grain-processing method × dry distillers grains interaction at h 6, 10, and 18 (P < 0.05); dried distillers grains × time interaction (P < 0.01); SEM = 1.47.
There was a grain-processing × DDG interaction with respect to ruminal ammonia concentrations over the 24-h digestion period (P = 0.05). Ruminal ammonia concentrations yielded grain × DDG interactions at 6, 10, and 18 h postfeeding (P < 0.05; Figure 1 ). Decreases in ruminal ammonia concentrations were most severely depressed when DDG were combined with SFC, which is consistent with the expectations of decreased ruminal availability of nitrogen sources in this diet compared with the other diets used in this experiment. This can be attributed to differences in ruminal availability of dietary nitrogen sources, because soybean meal and the majority of urea were eliminated from finishing diets that contained DDG. Ruminal ammonia concentrations were less for steers fed 25 vs. 0% DDG at 2, 4, 6, 8, and 10 h postfeeding (P ≤ 0.05). These results are supported by the observations of Santos et al. (1984) and Ham et al. (1994) , who reported decreased ruminal ammonia concentrations when distillers grains were fed. It is conceivable that decreased ruminal ammonia concentrations in the present study could have limited microbial fermentation. Satter and Slyter (1974) stated that ruminal ammonia concentrations below 50 mg/L (2.94 mM) might decrease microbial protein production. In the present study, feeding the combination of SFC and DDG resulted in ruminal ammonia concentrations that remained below 2.94 mM from 2 through 22 h after feeding. Adding DDG to diets containing DRC did decrease ruminal ammonia compared with DRC 0% DDG counterparts, but ruminal ammonia remained above 2.94 mM for most of the fermentation period, falling below 2.94 mM only at 6 and 8 h postfeeding.
Ruminal ammonia concentrations over the 24-h digestion period for DRC and SFC were 7.47 and 1.91 mM, respectively (P < 0.01), reflecting the differences in ruminal degradation of protein that are expected with dry processed and hydrothermally processed grains. Ruminal ammonia concentrations were greater for cattle fed DRC compared with cattle fed SFC at h 0, 6, 10, 12, 14, 16, 18, 20 , and 22 postfeeding (P ≤ 0.05; Figure 1 ). Differences in ruminal ammonia concentrations attributable to grain processing are similar to observations made by Cooper et al. (2002a) , where cattle fed DRC had greater ruminal ammonia concentrations at 12 h postfeeding compared with cattle fed SFC. Cooper et al. (2002b) observed, when comparing DRC and SFC, that cattle performance was improved by providing more digestible intake protein to cattle fed SFC. The authors suggested this was due to increased microbial growth and assimilation of ruminal nitrogen. Grain-processing method effect at h 0 and 6 (P < 0.05); dried distillers grains inclusion effect at h 2, 20, and 22 (P < 0.05); grain-processing method × dried distillers grains interaction at h 16 (P < 0.05); grain processing × time interaction (P < 0.01); dried distillers grains × time interaction (P < 0.01); grain-processing method × dried distillers grains × time interaction (P = 0.05); SEM = 0.10. Ruminal pH (Figure 2 ) revealed a grain-processing method × DDG interaction at h 16 (P = 0.01). Both of the diets containing SFC tended to yield reduced ruminal pH at sampling times up to 14 h after feeding, but greater ruminal pH at times further removed from feeding. At h 16, cattle fed SFC and 25% DDG had the greatest ruminal pH, with SFC and 0% DDG being intermediate and the DRC dietary treatments being least, thus reflecting the slower rate of fermentation of DRC compared with SFC. Ruminal pH ranged from 5.0 to 5.25 between 4 and 14 h postfeeding for cattle fed the combination of SFC and DDG. Optimal ruminal pH for protease activity has been reported to be in the range of 5.5 to 7.0 (Blackburn and Hobson, 1960) . Reduced ruminal pH may have limited proteolysis in our experiment, thus contributing to decreased ruminal ammonia concentrations in cattle fed the combination of SFC and DDG.
Lactate concentration observed over the 24-h period revealed a tendency for a grain-processing × DDG interaction (P = 0.07; Figure 3 ). This interaction was driven by the greater ruminal lactate values for cattle fed SFC and 25% DDG compared with the other treatment groups. Values for steers fed DRC with 0% DDG, DRC with 25% DDG, SFC with 0% DDG, and SFC with 25% DDG were 0.22, 0.36, 0.74, and 1.54 mM, respectively. These differences were most pronounced at 4 and 6 h postfeeding (P < 0.05; Figure 3 ), which presumably coincides with a period of rapid fermentation. Feeding DDG increased ruminal lactate concentrations when fed in conjunction with grain processed by either method; lactate concentration was 0.48 mM for cattle fed diets without DDG and 0.95 mM for cattle fed diets containing 25% DDG (P < 0.05). Feeding DDG increased ruminal lactate concentrations over the 24-h digestion period. We noted previously that mono-or disaccharides are readily converted to lactate by ruminal microorganisms (unpublished data). Incomplete fermentation of carbohydrates during the ethanol production process can result in residual sugars within the coproducts, thus providing substrate for the production of lactate within the rumen. As expected, feeding SFC increased ruminal lactate concentrations compared with diets containing DRC (0.29 vs. 1.14 for DRC and SFC, respectively; P < 0.01). Ruminal lactate concentrations were less for cattle fed DRC vs. SFC at 2, 4, 6, 8, 10, 12, 14 , and 16 h postfeeding (P < 0.05; Figure 3 ). The observed increases in ruminal lactate concentration when feeding a more rapidly fermentable feedstuff are consistent with the observations of Gross et al. (1988) , who compared wheat with sorghum in steers and observed that ruminal lactate was increased when feeding the more fermentable grain. Huntington (1997) stated that starch digestion and fermentation within the rumen were increased when feeding flaked vs. rolled grain.
Ruminal concentrations of acetate, propionate, butyrate, and lactate over the entire 24-h digestion period were 48.97 and 40.98, 26.40 and 35.15, and 11.38 and 8.10 for DRC and SFC, respectively (P ≤ 0.05). Ruminal concentrations of isobutyrate, 2-methyl isovalerate, and 3-methyl isovalerate were greater for cattle fed DRC than for their cohorts fed SFC (P ≤ 0.05; Table 4 ). As expected, the acetate-to-propionate (AP) ratio over the 24-h digestion period was decreased in response to flaking (2.04 and 1.29, for steers fed DRC and SFC, respectively; P < 0.01). Increases in ruminal acetate, butyrate, and the AP ratio, and decreases in propionate concentrations when feeding rolled vs. flaked corn are similar to the observations of Corona et al. (2006) .
Ruminal acetate concentration was greater for cattle fed DRC compared with SFC at 0, 14, 16, 18, 20, and 22 h postfeeding (P < 0.05; Figure 4 ). Ruminal propionate concentration was less for cattle fed DRC compared with SFC at 4, 6, 8, 10, 12, 14 , and 16 h postfeeding (P < 0.05; Figure 5 ), contributing to the energetic advantage normally associated with steam flaking. The AP ratio was greater for cattle fed DRC compared with cattle fed SFC from 0 to 22 h postfeeding (P < 0.05; Figure 6 ). Ruminal butyrate concentrations were greater for cattle fed DRC vs. SFC at 0, 2, 8, 16, 20, and 22 h postfeeding (P < 0.05; Figure 7 ). Total VFA concentrations were greater for cattle fed DRC compared with SFC at 0 and 20 h (P < 0.05; Figure 8 ), reflecting the slower rate of fermentation of dry-rolled grain compared with flaked grain.
Ruminal lactate concentrations were increased when feeding 25% DDG vs. 0% DDG at 2, 4, 6, 8, 10, and 16 h postfeeding (P < 0.05; Figure 3 ). The increase in ruminal lactate observed when feeding distillers grains was an unexpected result. Ethanol production removes most of the starch from the grain, concentrating the fiber of the grain in the distillers grains. We expected the increase in dietary fiber to increase ruminal pH and decrease lactate, similar to the results observed by Cole et al. (1976) . In their study, the authors observed that as hay was replaced with concentrate, ruminal pH decreased and lactic acid production increased. Ruminal acetate was decreased when adding DDG at 14 and 22 h postfeeding (P < 0.05; Figure 4 ). Ruminal propionate was decreased when adding DDG at 20 and 22 h postfeeding (P < 0.05; Figure 5 ). Adding DDG to the diet decreased total VFA concentration at h 0, 14, and 22 postfeeding (P < 0.05).
Overall, results from this study suggest that addition of 25% DDG to finishing diets with DRC or SFC does not appreciably alter digestion of DM or OM. Furthermore, the effects of grain processing on digestion were not affected by the addition of distillers grains. Ruminal ammonia was less for cattle consuming DDG, particularly when fed in conjunction with flaked corn, suggesting it may be prudent to include degradable protein sources to ensure adequacy when distillers grains are combined with flaked corn.
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